INTRODUCTION
Organic solvents are often the source of volatile organic contaminants VOCs that cause considerable pollution of soils and underground water, frequently originating from improper discharge of storage tanks and drains. Substances typically found in contaminated soils include chlorinated hydrocarbons such as trichloroethylene TCE , which are potential environmental hazards due to their toxic and/or carcinogenic nature 1 . TCE is a known animal carcinogen, and it is considered to be a probable human carcinogen by the International Agency for Research on Cancer IARC, 1995 and is reasonably anticipated to be a human carcinogen by the National Toxicology Program NTP, 2001 2 . Trichloroethylene is primarily employed in the extraction of vegetable oils from plant materials, as a dry cleaning solvent of choice, and as a degreaser solvent for metal parts. From the perspective of safety, there is concern for workers who use TCE, as well as for the general population however, requires the development of an in-situ soil remediation technology to minimize space and costs. In this regard, evaporation followed by collection of VOCs subsequent to heating the soil by air heating, steam heating, and electrical heating have been proposed. However, these heating methods have proven rather ineffi cient because of the low thermal conductivity of soils. For instance, several weeks are necessary to heat the soil with an electric heater 6 . Remediation of VOC-contaminated soils by injection of surfactants into the soils 7 adds another dimension to the existing problem, because the added surfactants may also easily contaminate underground water. Accordingly, a heating methodology that can be used to easily control the soil temperature and that would cause no collateral contamination is desirable. Studies on the use of microwaves for soil disinfestations 8 , for microwave-assisted extractions 9, 10 , and for oil sands extraction and shale oil production in petroleum upgrading 11 , along with the use of radio-frequency RF waves in general soil remediations 12 and in soil remediation through soil-vapor extractions 13 have been reported. However, none of these studies examined the characteristic features of microwaves in soil remediation. Microwave-induced dielectric heating has been investigated in soil remediation. In this regard, theoretical calculations by Nelson 14 suggested that the use of microwaves for soil disinfestation is not practical because of the high amount of energy required to obtain sufficient results. Echoing this concern, Rice and Putham 15 and Lal and Reed 16 also considered that microwave treatments are too expensive, particularly when soil surface humidity is high. Along similar lines, Mavrogianopoulos and coworkers 17 examined the energy consumption in applying microwaves for soil disinfection and disinfestations, concluding that despite some advantages offered by the use of microwaves e.g. compactness of equipment, rapid switching, and pollution-free environment , the energy demand is nonetheless too large, and that the energy demand is determined by two critical parameters: i initial soil temperature and ii moisture content of the soil. Jones and coworkers 18 reviewed the literature on microwave heating applications in soil remediation up to 2002 and detailed the reasons for the lack of implementation of this microwave technology. They described the diffi culties associated with the scaling up of laboratory units to industrial capacities, the lack of fundamental data on material dielectric properties, and the lack of knowledge concerning the design of microwave heating equipment. Consequently, a detailed understanding of microwave engineering is required before any process can be effi ciently developed to the pilot or industrial scale. Industrialization of the microwave methodology for soil remediation remains exigent. Accordingly, further examination of the features of microwave radiation, in addition to the particular design of the microwave device, has been deemed necessary. Herein, we report a study of the characteristics and behavior of 2.45-GHz microwaves in the heat-treatment of a commercially available natural sand taken as a possible model for soils, considering that sandy soils are ideal for certain agricultural crops and for intensive dairy farming under both dry and wet conditions from the viewpoint of various elements of the microwave radiation e.g., electric versus magnetic field effects , as well as on the basis of measured dielectric parameters of dry and wet sand. It is recognized that lower-frequency microwaves would have been more advantageous due to their ability to penetrate deeper into the sandy specimen and thus provide heating at greater distances depths than the higher-frequency microwaves 19 
EXPERIMENTAL PROCEDURES

Materials and procedures
Trichloroethylene boiling point, 87 ; vapor pressure, 7.8 kPa at 20 was obtained from Tokyo Kasei Kogyo Co. Natural sand grayish color was obtained from a commercial Japanese gardening store. The particle size distribution of the sand was 2.0-4.8 mm and the moisture content was less than 0.1 henceforth, this sample is referred to as dry sand . The particle size distribution and the moisture content were determined using the Japanese Industrial Standards JIS A 1204:2000 measurement method. Addition of water 15 w/w to a dry sand sample followed by mixing in a plastic bottle produced the sample denoted henceforth as wet sand. Chemical grade magnetite powder Fe 3 O 4 ; black color was obtained from Wako Pure Chemical Industries, Ltd.
Characteristics of microwave heating of dry and wet
sands The microwave device was constructed with a 2.45-GHz microwave generator maximal power, 1500 W and with a microwave applied power controller, two power monitors, a three-stub tuner, and a dummy load Fig. 1 . The sand samples were closely packed in the microwave waveguide WRJ-2; 30 cm length and the edges were closed with Tefl on boards. The sand was continuously and directly irradiated with microwaves in the waveguide by a single-mode method, and these were adjusted using the three-stub tuner so as to minimize the refl ected waves. The penetration of the microwaves into the packed sand was monitored by the power monitor labeled 2 in Fig. 1 . The temperature of the sand at each position in the waveguide was measured using a sheath K-type thermocouple positioned at intervals of 5 cm 5, 10, 15, 20, and 25 cm along the waveguide inner volume, 1591.4 cm 3 . Control experiments showed that the sheath K-type thermocouple had no effect on the microwaves. The optimal dry and wet sand densities were 1.60 and 1.84 g cm 3 , respectively, estimated by a compaction test; the quantity of dry and wet sand used was 2.65 kg and 3.02 kg, respectively. In the analysis of the experimental data, we report the actual microwave power used, which was determined using the power monitor labeled 1 in Fig. 1 as the difference between the incident microwave power and the reflected microwave power. Thus, in the case of dry sand moisture content in sand: 0 w/w the microwave power levels used were 260 W dry-260 W method and 650 W dry-650 W method . For the wet sand moisture content, 15 w/w , the power levels used were 290 W wet-290 W method and 450 W wet-450 W method .
Microwave electric and magnetic heating in dry and wet sands
The infl uence of the electric and magnetic fi elds of the microwave radiation on the microwave-induced heating was examined with the continuous microwave irradiation setup shown in Fig. 1 20 . Dry sand and wet sand 15 w/w samples were packed into quartz test tubes inner diameter, 7 mm . For the magnetic-field-induced heating measurements, a small amount of magnetite Fe 3 O 4 powder; 5 by weight was mixed with the dry sand. The sample tubes were then positioned in the waveguide Fig. 2a and irradiated with 10-W microwaves using a semiconductor microwave generator frequency, 2.45 GHz; maximal power, 200 Watts , which together with the single mode cavity WRJ-2 was connected to a monopole antenna with a mi- crowave coaxial cable. The observed incident radiation of 10 W and refl ected radiation of 0 W were measured using a power monitor located between the coaxial cable and the waveguide. The temperatures of the sand samples were measured using an optical fiber thermometer FL-2000, Anritsu Meter Co., Ltd. . The optical fi ber sensor was positioned at the center of the packed sand. Optimization of low microwave refl ection was obtained by means of the iris and the short plunger. The position of maximal intensity of the electric field was measured using an electric fi eld sensor probe Schottky diode located at various positions in the waveguide. The sensor showed maximal intensity of the electric fi eld at position I Fig. 2a inset , and zero intensity at position II . The position of maximal intensity of the electric fi eld Fig. 2b corresponds to the position of minimum intensity of the magnetic field Fig. 2c . Accordingly, the sample tube was positioned either at position I for probing the infl uence of the electric fi eld, or at position II for examining the effect s of the magnetic fi eld.
Vaporization of contaminant TCE in sand by
microwave heating Trichloroethylene TCE; 2 mL was added to the dry sand 60 g , wet sand 64 g , as well as to the wet sand 64 g containing the magnetite powder 3.2 g: 5 w/w , following which the mixture was shaken for ca. 3 min and placed in an open Pyrex cylindrical reactor diameter, 4 cm; length, 20 cm located in the waveguide. Microwave leakages from the hole were prevented by the metal cylinder connected to the waveguide. Unless noted otherwise, the effective applied microwave power was 80 W. Note that during the microwave irradiation, both the magnetic and the electric fi elds were simultaneously operative. The temperature of the TCE/sand mixture was measured using an optical fiber thermometer FL-2000, Anritsu Meter Co. Ltd. , as shown in Fig. 3 . Upon completion of the microwave irradiation, the reactor was closed with a lid to prevent TCE from evaporating due to the residual heat. Subsequent to cooling, the remaining trichloroethylene was extracted with toluene and analyzed by gas chromatography Shimadzu model 2014, Zebron column model ZB-624 . Quantitation of TCE was performed using a previously determined calibration curve. Fig. 4a . Irradiation of dry-sand with 650 W microwaves produces a gradual decrease in the rate of the temperature increase with increasing distance from the front-end of the waveguide. The temperature rate gradient between the 5 cm 34 min 1 ture-time profi les for up to 5 min see Fig. S1 of the Supporting Information , after which the rate of temperature increase tended to be fl at with increasing distance from the front-end of the waveguide. In the case of wet sand, the rate of temperature increase changed dramatically with the position of the thermocouple in the waveguide see Fig.  4b . For instance, the rate at the 5 cm position was remarkably high as compared to the rate for the dry sand under otherwise identical conditions. However, at the 25 cm position, the rate of temperature increase of the wet sand was lower than that of the dry sand. The majority of the irradiating microwaves were absorbed by water, such that the rate of transmission of the microwaves was relatively low. In both cases, no microwaves were detected at the power monitor labeled 2 in Fig. 1 . The transmission of microwaves in dry and wet sands was less than 30 cm. The penetration depth of microwaves in pure water is ca. 1.9 cm at ambient temperature 25 21 . The microwaves heat the dry sand sample to a depth of several centimeters, as evidenced in Fig. 4a . Contrastingly, microwave heating of the wet sand occurred only in the fi rst few centimeters, as noted in Fig. 4b , where a rapid, nearly exponential reduction in the rate of temperature increase with distance was observed.
RESULTS AND DISCUSSION
The temperature increase rate ratios at high and low microwave power levels, normalized to a microwave applied power of 1 W, are summarized in power clearly correlates with the heating effi ciency. In the case of the wet sand samples water content, 15 w/w , however, the rate of temperature increase at 5 cm with the 450 W microwaves was 14.3 fold greater than for the 290 W microwaves, decreasing to 7.2 fold at 10 cm, after which the efficiency dropped dramatically at longer distances. This infers that under these circumstances, microwave heating occurred mostly at distances below 10 cm, and that at longer distances, the wet sand was heated, if at all, also by thermal conduction.
Behavior of electric and magnetic fi elds
The temperature-time profi les for the microwave heating of 1 g sand samples were ascertained by irradiation with the microwave electric fi eld Fig. 5a or magnetic fi eld Fig.  5b using the setup shown in Fig. 2 . In the case of electric fields, the heating rate was 1.32 s 1 for dry sand and 1.55 s 1 for wet sand, for a 50 s irradiation period. A higher heating efficiency was observed for dry sand as compared to that for wet sand. The rate of temperature increase was negligible for both wet and dry sand under magnetic fi eld microwave irradiation. In contrast, the temperature of both the dry and wet sand samples increased signifi cantly in the presence of magnetite There are three types of heating phenomena caused by microwaves: 1 conduction loss heating, 2 dielectric loss heating, and 3 magnetic loss heating 23 . The thermal energy P produced per unit volume from the conversion of microwave radiation can easily be estimated from Eqn. 1:
where |E| and |H| denote the strength of the electric and magnetic microwave radiation fi elds, respectively; σ is the electrical conductivity; f is the microwave frequency; ε o is the permittivity in vacuum; ε" is the dielectric loss factor; μ o is the magnetic permeability in vacuum; and μ is the magnetic loss. The fi rst term in Eqn. 1 expresses conduction loss heating; the second term, dielectric loss heating; and the third term, magnetic loss heating. The dielectric constants ε' , dielectric loss factors ε'' , and dielectric loss tangents tan δ for the dry and wet sand 15 w/w samples were analyzed by the perturbation method using a TEM 010 transverse electric wave mode cylindrical cavity resonator and the results are presented in Table 2 . The dielectric parameters for dry sand are remarkably low as compared to the dielectric factors of pure water. Accordingly, heating of the dry sand by the dielectric loss heating mechanism is negligible. However, heating of the dry sand could, in principle, be enhanced by the conduction loss heating mechanism. In comparison, the dielectric loss factor of the sand sample increased 7.5 fold in the presence of 15 w/w moisture wet sand . Thus, the moisture content ratio is an important factor in the heating process. Nonetheless, the dielectric factors of wet sand are remarkably lower than those of water. Therefore, heating of the wet sand likely occurs by both the conduction loss heating and dielectric loss heating mechanisms from the electric microwave radiation field. Notwithstanding the rapid temperature increase which results from the humidity in the wet sand sample, the increased humidity of the samples caused a marked decrease in the penetration depth of the microwaves. Noticeable in the data reported in Fig. 5b is the fact that the temperatures of the dry and the wet sand samples remained invariant with irradiation time under magnetic microwave field irradiation. In the presence of magnetite Fe 3 O 4 ; 5 w/w , however, heating of the sand samples was signifi cant. Heating by magnetic losses occurred in the microwave region with magnetite as the microwave absorber, and as the heating relay to heat the sand samples.
Remediation of trichloroethylene-contaminated sands through vaporization
The remediation vaporization yields of trichloroethylene-contaminated dry sand and wet sand samples subjected to microwave irradiation and the temperatures at which the vaporization process occurred with and without magnetite are listed in Table 3 . The remediation yields of TCE through vaporization were 3 and 98 for dry sand upon irradiation for 8 and 12 min, respectively. For wet sand, the yields were 12 and 99 at a temperature of 79 and 110 , respectively. The remediation yields for the wet sand were greater than those for the dry sand, at least in the first 10 min of microwave irradiation. On the other hand, the remediation yield of TCE using wet sand with magnetite Fe 3 O 4 was 82 at 91 upon irradiation for 8 min. Near-quantitative remediation of TCE was achieved on further irradiation with the 2.45-GHz microwaves. Magnetic loss heating third term in Eqn. 1 in the presence of magnetite, under the magnetic microwave radiation fi eld, functioned as an additional heating mechanism in conjunction with the conduction loss heating for both sand samples, and in addition to the dielectric loss heating for the wet sand containing 15 w/w of moisture water .
CONCLUDING REMARKS
The microwave-induced heating of wet sand occurs through conduction loss heating and dielectric loss heating; however, the heating effi ciency decreases dramatically at a sample depth of 10 cm from the microwave irradiation side. On the other hand, dry sand was heated mostly through the conduction loss heating mechanism, and was heated almost uniformly throughout the length of the sample in contrast to the wet sand sample. Heating of the sand samples by the magnetic microwave radiation field was caused by the magnetic loss heating mechanism, especially when magnetite was mixed into the dry and wet sands. The highest temperature increase was obtained in the wet sand sample containing 15 w/w moisture, in the presence of 5 w/w magnetite. The vaporization rate of TCE was also highest in this sample. Some features of the microwave heating process were clarified in this study.
Only the vicinity of the heat source can be heated with a conventional heater 14 because the thermal conduction of sand is low 22 . Therefore, a period of around 2 months for remediation of the contaminated soil may be necessary by the conventional heating method. According to our estimates, the period of soil remediation can be shortened to less than 1 month by using the microwave method reported herein. One possible constraint of the microwave method may be the initial cost of the microwave device, which is certainly more expensive than a conventional heater unit. Nevertheless, the total cost for the remediation of 1 m 3 of sand can lead to a 47 cost saving when using microwaves. Accordingly, the microwave method for soil remediation represents a more realistic technology. Furthermore, the use of microwaves will stimulate further advances in the extraction of organic contaminants from soils, and in the remediation and disinfections of soils.
